Introduction
Radiation-induced bystander effects refer to the responses detected in unirradiated cells when neighboring cells are irradiated. The responses include changes in gene expression (Iyer and Lehnert, 2000; Azzam et al., 2002) , induction of genetic effects such as mutations (Zhou et al., 2000; Nagasawa et al., 2003) , DNA damage (Azzam et al., 2001; Little et al., 2003) , cell killing (Lyng et al., 2002) and malignant transformation (Sawant et al., 2001) . Bystander damage has been observed even at very low doses, down to the mGy level, and, with most end points, it does not increase significantly with dose (Ballarini et al., 2002) . Since early in the 1990s, there has been increasing recognition of the importance of bystander effects, as they may have an impact on our understanding radiation-induced biological response mechanisms and developing risk estimations (Baverstock, 2000; Hall and Hei, 2003; Little, 2003; Mothersill and Seymour, 2003; Prise et al., 2003) .
While the existence of the radiation-induced bystander effects has been well established, the underlying mechanisms are still largely unknown. Evidence is accumulating that multiple signal transduction pathways are involved in this process, including oxidative metabolism Shao et al., 2003) , gap junction-mediated intercellular communication (GJIC) (Azzam et al., 2001; Ballarini et al., 2002; Wang et al., 2004) and soluble extracellular factors (Iyer and Lehnert, 2000; Little et al., 2002) . Earlier studies showed that bystander effects could be induced by treatment of unirradiated cells with medium taken from cell cultures previously exposed to irradiation Seymour, 1997, 1998; Mothersill, 1999, 2000; Lyng et al., 2002) . The results suggested that some cell types secrete signaling molecules when irradiated, which cause death in unirradiated cells. The targeting of a single cell in nonconfluent human fibroblast cultures with a precise number of a-particles led to an additional 100 cells, on average, being damaged. Oxidative stress and cytokine release from the irradiated cells were suggested to be involved (Belyakov et al., 2001) . On the other hand, increases in cell proliferation and micronuclei induction were found in recipient human salivary gland neoplastic cells as a result of coculturing with irradiated cells, and nitric oxide played a role in the response (Shao et al., 2002) .
To date, much of the experimental evidence for bystander responses has been obtained using high-linear energy transfer (LET) radiation such as a-particles at very low fluences (Zhou et al., 2000; Azzam et al., 2001 Azzam et al., , 2002 . However, Mothersill and Seymour (1997) found that medium from low LET g-irradiated epithelial cells reduced the clonogenic survival of unirradiated cells of the same type, but there was no effect in fibroblasts. Here we provide the first direct evidence that conventional, broad-field 250 kVp X-irradiation can induce medium-mediated bystander responses in normal human fibroblast cells. In the present study, a transwell insert culture dish was used to coculture unirradiated and irradiated cells (Figure 1 ). Cells were plated in both companion six-well plates and permeable membrane inserts. Then cells in six-well plates were exposed to conventional, broad-field 250 kVp X-irradiation. After irradiation, the inserts containing unirradiated cells were put into the wells. Thus, the irradiated and unirradiated normal human skin fibroblast cells shared the medium, but did not touch each other. This transwell system provides a useful approach to study the mechanisms of medium-mediated bystander effects induced by ionizing radiation in a simpler system without the additional complication of GJIC. In this work, we asked whether medium-mediated bystander effects could be seen in fibroblasts using end points reflecting DNA damage in the bystander cells. We also tested the hypothesis that reactive oxygen species (ROS) are involved in the induction of micronuclei and p21
Waf1 in bystander cells.
Results

Induction of p21
Waf1 in bystander cells Figure 2 shows the dose response of p21 Waf1 induction in both directly irradiated cells and bystander cells 5 h after irradiation. In directly irradiated cells, the induction of p21
Waf1 increased with increasing dose, up to 3.6 times the unirradiated control at 5 Gy. In bystander cells, a maximum increase of twofold in p21
Waf1 level was measured at 0.1 Gy, the lowest dose used, and response did not increase further with increasing dose to the irradiated cells. No p21
Waf1 induction was observed when the bystander cells were cocultured with irradiated medium in the absence of cells.
Micronuclei formation in bystander cells
To investigate whether the signals transmitted by hit cells could cause DNA damage in bystander cells, we measured the frequency of micronuclei formation in both directly irradiated cells and bystander cells. The data in Figure 3 indicate that the induction of micronuclei in directly irradiated cells increased with increasing dose to seven times control at 1 Gy. Micronuclei formation in directly irradiated cells was not measured at higher doses because few binucleated cells were produced due to cell cycle arrest after high doses of irradiation. The data in Figure 3 indicate a twofold increase in micronuclei formation in bystander cells at 0.1 Gy. There was no further increase in micronuclei formation with increasing dose to the irradiated cells, similar to p21
Waf1 induction (Figure 2 ). No increase in micronuclei formation was detected when the bystander cells were cocultured with irradiated medium in the absence of cells.
g-H 2 AX foci formation in bystander cells g-H 2 AX, the phosphorylated form of histone variant H 2 AX at serine 139, is widely used as a marker of DNA double-strand breaks (DSBs) induced by ionizing radiation (Rogakou et al., 1998) . It was interesting to know whether g-H 2 AX foci would form in irradiation- X-ray-induced bystander effects in fibroblasts H Yang et al induced bystander cells. Hence, we examined g-H 2 AX foci formation in bystander cells by in situ immunofluorescence. Figure 4A shows g-H 2 AX foci in bystander cells. Compared to directly irradiated cells, bystander cells had fewer foci. Figure 4B shows that the percentage of cells with g-H 2 AX foci in bystander cultures was about twofold higher than that of control cells, no matter what dose was used in the range of 0.1-10 Gy, while in directly irradiated cells the percentage of cells with foci increased rapidly with dose to 65% at 1 Gy, then reached 100% by 5 Gy.
Cell survival of bystander cells
Since we have observed the induction of stress-inducible p21 Waf1 protein, g-H 2 AX foci and formation of micronuclei in bystander cells, the irradiated cells must have communicated with bystander cells through some signaling pathways that resulted in production of DNA damage in bystander cells. To investigate whether this communication would affect the survival of bystander cells, we performed the clonogenic assay. While directly irradiated cells have a typical radiation cell survival curve, the data in Figure 5 show that the cloning efficiency of bystander cells did not change when the irradiated cells received a 0.1 Gy exposure, but decreased significantly when the irradiated cells received doses from 0.5 to 10 Gy. This decrease was doseindependent from 0.5 to 10 Gy.
Potential role of ROS
Persistent induction of ROS in mammalian cells by X-radiation has been shown (Clutton et al., 1996; Rugo et al., 2002) . The antioxidant DMSO has been found to inhibit the induction of mutations after cytoplasmic 
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H Yang et al irradiation of human-hamster hybrid cells using alpha particles (Wu et al., 1999) . Oxidative stress has also been implicated in toxic effects observed in bystander cells in which g-or b-particle radiation was used (Lyng et al., 2000; Bishayee et al., 2001; Lorimore et al., 2001) . To investigate whether oxidative stress was involved in the bystander effects in our system, 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFH-DA) was used as a probe with fluorescence microscopy to examine the generation of ROS in AGO1522 cells by X-radiation. The data in Table 1 show there is no significant increase in ROS production in irradiated or bystander cells 6 h after radiation, a fourfold increase in irradiated cells and twofold increase in bystander cells 30 h after radiation, and fourfold increase in irradiated cells and no increase in bystander cells 60 h after radiation compared to the relative controls. We also examined the effect of ROS scavengers Cu-ZnSOD and catalase on p21
Waf1 induction, g-H 2 AX foci, micronuclei formation and cell survival of bystander cells. While both Cu-ZnSOD and catalase decreased micronuclei formation, p21 Waf1 induction and g-H 2 AX foci formation in bystander cells (Table 2) , they did not protect cell survival in bystander cells (Figure 6 ).
Discussion
The radiation-induced bystander effect is a well-recognized but poorly understood phenomenon. Although early literature reports damage to the bone marrow in the sternum of children receiving low LET irradiation to the spleen for chronic granulocyte leukemia (Parsons et al., 1954) , development of mammary tumors in rats injected with plasma, or ultrafiltrates of blood from low LET-irradiated rats or sheep (Souto, 1962) , and chromosomal damage in lymphocytes held in shortterm culture with plasma from X-irradiated patients (Hollowell and Littlefield, 1967) , the mechanisms of the bystander effects induced by low LET radiation are not clear. More recently, interest in the bystander effect by ionizing radiation arose from studies showing induction of sister chromatid exchanges (SCEs) in monolayer cultures exposed to very low fluences of high LET a-particles, such that only a small fraction of the cells in the population were traversed by an a-particle (Nagasawa and Little, 1992) . Most of the experimental evidence for bystander effects has been obtained with high LET irradiation. However, in 1997, Mothersill et al. Results are the means of three independent experiments7s.e.*Po0.05, **Po0.01versus relative control X-ray-induced bystander effects in fibroblasts H Yang et al found that low dose, low LET exposure caused a medium-borne cytotoxic factor in human epithelial cells . So far, much of the experimental evidence for bystander effects induced by low LET irradiation has been provided by studies where the medium from irradiated cells was transferred to unirradiated cells Mothersill, 1997, 1999; Seymour, 1997, 1998) . In addition, the Gray Lab developed an X-ray microbeam to target individual cells within a sparse population and demonstrated bystander cell killing . In order to investigate whether low LET radiation such as conventional X-rays, which are commonly used clinically for diagnosis and therapy, cause bystander effects, we used a novel transwell system to study the mediumborne bystander effects. In this system, after radiation, irradiated and unirradiated cells share the same medium, but do not touch each other, until the time of analysis for different end points. Although gap-junction communication has been shown to play an important role in the induction of bystander effects in some cell systems (Azzam et al., 2001) , there is evidence that oxidative metabolism and some soluble signaling molecules mediate signal transduction from irradiated to unirradiated cells Azzam et al., 2002) . By using this transwell system, we can avoid gap-junction communication, providing a useful approach to simplify the system and allow us to initially focus studies on mechanisms underlying medium-mediated bystander effects. Although one might expect gap junction-mediated signaling to be important in vivo, media-mediated or long-distance transmittal of bystander-like signals has been demonstrated in vivo by the occurrence of chromosome aberrations caused by clastogenic factors in the serum of irradiated individuals (Goh and Sumner, 1968; Hollowell and Littlefield, 1968; Emerit, 1993) , and the production of micronuclei in unirradiated portions of lung following irradiation of only half of a rat's lung (Khan et al., 1998) . The new data in this paper demonstrate that conventional X-irradiation can induce mediummediated bystander responses in fibroblasts. This is in contrast to the results of Mothersill and Seymour (1997) that there was no bystander response in clonogenic survival of unirradiated fibroblasts that received medium transferred from g-irradiated fibroblasts. An obvious possible explanation for the discrepancy is that different types of fibroblasts were used in their studies. Another explanation is that the coculture method used herein provided longer time for communication between the irradiated and unirradiated cells so that signal molecules secreted by irradiated cells at later times after irradiation also could affect unirradiated cells. This is consistent with recent work using human-hamster hybrid cells, showing that nonirradiated bystander cells had a lower surviving fraction when they remained in contact with irradiated cells for 48 h, but if the period of sharing medium was only 1 h no bystander effect was expressed (Zhou et al., 2002) .
The new data in this paper show medium-mediated bystander effects induced by conventional X-rays in normal human fibroblast cultures with end points including induction of p21 Waf1 protein and g-H 2 AX foci, formation of micronuclei and reduction of cloning efficiency of bystander cells. The development of micronuclei implies significant chromosome damage and rearrangement . Micronuclei have been suggested to arise predominantly from nonrejoined DNA DSBs (Fimognari et al., 1997) . g-H 2 AX foci formation is widely used as a marker of DNA DSBs induced by ionizing radiation (Rogakou et al., 1998) . However, even though g-H 2 AX foci and micronuclei were observed in bystander cells, whether X-radiation leads to DSBs in bystander cells is not known yet. Formation of g-H 2 AX foci and micronuclei is also observed in H 2 O 2 -treated AGO1522 cells (data not shown), although H 2 O 2 has been reported to cause predominantly single-strand breaks (Olive and Johnston, 1997). This suggests that formation of micronuclei and g-H 2 AX foci is not caused exclusively by DSBs. Consistent with this idea, there is literature suggesting that DNA damage in bystander cells differs from that occurring in directly irradiated cells. While the HPRT mutations induced in directly irradiated CHO cells were primarily partial and total gene deletions, over 90% of those arising in bystander cells were point mutations (Huo et al., 2001 ). In another system, A L cells, the CD59 À mutants in bystander cells to irradiated cells were shown to have a spectrum significantly different from spontaneous mutations in unirradiated cells (Zhou et al., 2000) .
Micronuclei have been strongly implicated in the process of cancer development in humans (Karran, 2000) . Hence, if this kind of DNA damage were to occur in bystander cells in vivo, and cells survived with the damage, these results would impact on the assessment of cancer risk from background levels of radiation and current radiotherapy. Therefore, it is important to know the type of DNA damage and mutations in radiationinduced bystander cells. The study of DNA damage and mutations is in process. On the other hand, survival of bystander cells decreased considerably after coculturing Figure 6 Effect of SOD and catalase on the plating efficiency of AGO1522 bystander cells cocultured with cells exposed to 5 Gy. Results are the means of three independent experiments7s.e.
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H Yang et al with irradiated cells, implying a substantial cell-killing bystander effect. No apoptosis was observed in bystander cells (data not shown). This suggests that cells with unrepaired DNA damage are being eliminated from the culture. Therefore, the bystander-induced increase in cell killing might act as a protective mechanism competing with the DNA damage in surviving cells that might lead to cancer (Rothkamm and Lo¨brich, 2003 ). An important challenge in this field is to understand the mechanisms underlying the bystander effects induced by high and low LET radiation. So far, GJIC, oxidative metabolism and secreted diffusible factors have been proposed to mediate the bystander effects. In our system, GJIC is not involved because the irradiated and unirradiated cells never touch each other. No bystander effects were observed when the cells were cocultured with irradiated medium in the absence of cells. This excludes the possibility that hydrolysis of medium to generate a reactive species is involved. Involvement of ROS in induction of SCEs in bystander cells after low doses of a-particles was postulated by Nagasawa and Little (1992) . Lehnert et al. (1997) then found that induction of SCEs in bystander human diploid cells in culture exposed to low fluences of a-particles was inhibited by SOD, which provided additional experimental evidence for involvement of ROS. They also provided more direct evidence by detecting superoxide anion and hydrogen peroxide in both irradiated and bystander cells (Narayanan et al., 1997) . Antioxidants, L-lactate and L-deprenyl, or drugs that inhibit collapse of mitochondrial membrane potential, inhibited the cytotoxic effects on nonirradiated bystander cells induced by medium from g-irradiated cells . This suggested oxidative metabolism was also involved in low LET radiationinduced bystander effects. The data in the current study show that ROS levels in irradiated cells did not change significantly 6 h after radiation, but increased significantly 30 h after radiation. Also, in bystander cells ROS levels did not change 6 h after radiation but increased considerably 30 h after radiation. These findings indicate that bystander cells are under oxidative stress after coculture with irradiated cells. At the same time, ROS scavengers such as SOD and catalase were found to decrease the induction of p21 Waf1 , g-H 2 AX foci and micronuclei in bystander cells at the same time points we used for these end points. This suggested that ROS might be involved in formation of micronuclei and g-H 2 AX foci and p21
Waf1 induction, which agreed with Azzam et al. (2002) results. As ROS are short-lived and cannot travel far, induction of persistent oxidative stress in bystander cells might play more of a role in inducing a bystander response than in causing a response in directly irradiated cells. However, how irradiated cells cause oxidative stress in bystander cells is still not known and needs to be investigated. Additionally, while induction of g-H 2 AX foci and p21
Waf1 was observed 2 and 5 h after irradiation, respectively, no significant increase in ROS generation was detected 6 h after radiation using DCFH as a probe. Nitric oxide was suggested to mediate the accumulation of p53 (Matsumoto et al., 2001) . Whether nitric oxide is involved in g-H 2 AX foci and p21 Waf1 induction in this system needs to be studied.
In contrast, ROS scavengers did not have any effect on the loss of cloning efficiency of bystander cells. One possibility for this difference is that, in addition to ROS, irradiated cells might release other soluble factors into the medium that are potentially toxic. For example, interleukin-8 has been shown to be involved in a bystander increase of SCEs observed after radiation of human fibroblasts with very low doses of a-particles (Deshpande et al., 1996; Narayanan et al., 1999) . Another possibility is that ROS scavengers simply delayed the induction of p21 Waf1 , g-H 2 AX foci and micronuclei rather than reduced them. If that is the case, bystander cell killing is related to expression of DNA damage and both are independent of the persistent increase in ROS. This also suggests that there are signaling molecules other than ROS involved in the bystander responses. The nature of the relationships among these bystander end points remains unclear and is under investigation.
In summary, a novel transwell system was used in this study to demonstrate X-ray-induced bystander responses in normal human fibroblasts with several different end points. Bystander cells were found to be under oxidative stress after coculture with irradiated cells. ROS appears to participate in the signaling pathway for some end points, but the existence of other signaling mechanisms is indicated, especially for cell killing.
Materials and methods
Cell culture
The AGO1522 human diploid skin fibroblast cells were obtained from the Genetic Cell Respository at the Coriell Institute for Medical Research (Camden, NJ, USA). The cells were grown at 371C in a humidified atmosphere of 95% air and 5% CO 2 with a-modified MEM (Sigma) supplemented with 20% fetal bovine serum (FBS, Hyclone), 100 mg/ml streptomycin and 100 U/ml penicillin. To study the effect of irradiated cells on unirradiated cells, 5 Â 10 4 -1 Â 10 5 and 1.3 Â 10 5 cells out of confluent culture were seeded in a transwell culture insert dish (Falcon) with a growth area of 4.2 cm 2 , and in a companion well of a six-well plate (Falcon) with a growth area of 9.6 cm 2 , respectively, 24 h before irradiation. The bottom of the insert dish was a membrane with 1.0 mm pores at a density of 1.6 Â 10 6 /cm 2 to allow the passage of molecules. The distance from the membrane of the inset dish to the bottom of the well of the companion plate was 0.9 mm.
Cell irradiation and coculture
Cultures in the six-well plates were given fresh medium 24 h after plating, then irradiated at room temperature using a conventional, broad-field 250 kVp X-ray machine (Siemens Stabilipan 2). The dose rate was 2.08 Gy/min. Immediately after irradiation, the inserts containing unirradiated cells were put into the wells, and the six-well plates were returned to the incubator. The irradiated and bystander cells were cocultured until the time at which cells were fixed for different end points. The control sample was treated in the same way, except for irradiation.
Immunofluorescence
Immunofluorescent staining for p21 waf1 was performed as described previously (Azzam et al., 2001) . Briefly, cells were rinsed in PBS supplemented with 1 mM MgCl 2 and 0.1 mM CaCl 2 (PBS þ ), then fixed in 3% (v/v) paraformaldehyde in PBS þ . After a 5-min rinse in 50 mM NH 4 Cl and two rinses with PBS þ , the cells were permeabilized in ice-cold Triton-X buffer (50 mM NaCl/3 mM MgCl 2 /200 mM sucrose/10 mM HEPES, pH 7.4/0.5% Triton X-100 in water). The cells were subsequently blocked in 10% goat serum and incubated with p21 waf1 mouse monoclonal antibody (Oncogene) for 1 h and with Alexa Fluor s 488 goat anti-mouse IgG secondary antibody (Molecular Probes) for 45 min at room temperature. The monolayers were washed at least five times with PBS þ , then stained with 10 mg/ml 4 0 ,6 0 -diamidimo-2-phenylindole (DAPI) (Sigma) for 2 min, and mounted with FluoroGuard TM Antifade reagent (Bio-Rad). At least 500 cells in at least 10 fields were examined.
For g-H 2 AX, cells were fixed in 3% paraformaldehyde for 30 min on ice, washed in PBS for 3 Â 10 min, then permeabilized in 0.5% Triton X-100 solution for 15 min on ice. Cells were blocked with 10% goat serum for 1 h at 371C, then incubated with antiphosphorylated histone H 2 AX antibody (Trevigen) for 1 h at room temperature, washed in PBS, blocked again with 1% BSA for 1 h at 371C, and incubated with Alexa Fluor s 488 goat anti-rabbit IgG secondary antibody (Molecular Probes) for 45 min at room temperature. The monolayers were also stained with DAPI and mounted as described above.
Micronuclei assay
The frequency of micronuclei formation was measured by using the cytokinesis-block technique (Fenech and Morley, 1986) . Briefly, after irradiation, the inserts were put into companion wells, and cytochalasin B (Sigma) was added to the cultures to a final concentration of 1.5 mg/ml. After 72 h, the cells in both companion wells and inserts were fixed with methanol : acetic acid (3 : 1, v/v). After air drying, the cells were stained with DAPI solution (10 mg/ml) and viewed under a fluorescence microscope. At least 500 binucleate cells in at least 10 view fields were examined.
Colony formation assay
For directly irradiated cells, the cells were seeded in 60 mm petri dishes at 100 cells/dish. After 24 h, cells were irradiated, then incubated for 10 days. For bystander cells, cells were seeded in the companion wells at 100 cells/well; at the same time, cells were also plated in inserts at 1 Â 10 5 cells/insert. After 24 h, the cells in inserts were irradiated, then put into the companion wells and cocultured for 10 days. Colonies were fixed with methanol and stained with methylene blue. The number of colonies with more than 50 cells was counted and the percentage of cell survival calculated.
Fluorescent microscopy analysis of oxidative stress DCFH-DA (Molecular Probes) was used to detect oxidative stress. When it is taken up by cells and the DA moiety is removed, the fluorescent reporter molecule DCFH can be oxidized by intracellular peroxides to dichlorofluorescein (DCF), which is fluorescent when excited by 488 nm light. At different times after irradiation, directly irradiated and bystander cells were incubated with 5 mM DCFH-DA and 300 nM MitoTrack Deep Red 633 (Molecular Probes) at 371C for 30 min in the dark. Then cells were washed twice with PBS and viewed under a fluorescence microscope. The oxidative stress level was expressed as the percentage of cells with DCF fluorescence. At least 500 cells in at least 10 view fields were examined.
Effect of antioxidants
Lyophilized bovine liver Cu-ZnSOD (EMS Biosciences) and catalase (EMS Biosciences) were dissolved in PBS and added to the culture immediately after irradiation to give a final concentration of 200 mg/ml (500 U/ml) and 200 mg/ml (8 Â 10 3 U/ml), respectively. Sham-treated cultures received the same volume of PBS. Cells were analysed for different end points as above.
Statistical analysis
All data presented in this paper are representative of at least three separate experiments, and the results are shown as means7standard error. Comparisons between treatment groups and controls were performed using Student's t-test of SigmaPlot 2001 software.
